Abstract-A high-power neodymium-doped yttrium lithium fluoride (Nd:YLF) mode-locked 1.5-GHz laser currently used to drive the two photoinjectors of the Compact Linear Collider Test Facility project at the European Organization for Nuclear Research is described. A phenomenological characterization of the two powerful Nd:YLF amplifiers is presented and compared with the measurements. The laser system operates in a saturated steady-state mode. This mode provides good shot-to-shot stability with pulse train mean power in the 10 kW range.
I. INTRODUCTION

T HE main task of the Compact Linear Collider Test Facility (CTF3) at the European Organization for Nuclear
Research (CERN) is to demonstrate the feasibility of the key compact linear collider (CLIC) technology challenges for the CLIC two-beam scheme, i.e., acceleration of the main electron beam using the RF power emitted from strong deceleration of the second beam, referred to as a drive beam [1] - [3] .
The drive beam is currently produced by a thermionic gun followed by a bunching system that transforms continuous electron current into well-localized electron bunches. This, however, introduces unwanted satellite bunches.
For the drive and main beam, laser-driven photoinjectors have been developed. The PHotoINjector (PHIN) and Concept d'Accélérateurs Linéaire pour Faisceau Sonde (CALIFES) projects, respectively, were dedicated to attain the photoinjector parameters and to study their long-term reliability.
A photoinjector is an attractive alternative [4] to generate electron bunches directly with the right time structure from a laser where electrons are produced through the photoemission process using, in our case, Cs 2 Te photocathodes. Another advantage of a photoinjector is that the high-gradient RF accelerating field of the gun and a high-quality laser beam together produce low-emittance electron beams, i.e., beams with small transverse size and divergence [5] , [6] . The laser pulse duration corresponds to the required electron bunch length, and a mode-locked pulse train together with fiber-optic modulators and fast Pockels cells ensures the structure required for the CTF3 project [3] , [7] (Table I) . However, to provide a stable electron source for the future CLIC machine, PHIN needs to demonstrate a very low electron bunch charge fluctuation (<0.1% rms) [8] - [10] , which demands very high laser amplitude stability. Saturated steady-state (SSS) amplification has been chosen as a mode of operation to support these tight requirements [11] , [12] .
The photoinjector laser provides a unique pulse structure determined by the machine application. Similar laser systems have been developed for DESY [13] with a lower mode-locked repetition rate (RR) but similar power characteristics using neodymium-doped yttrium lithium fluoride (Nd:YLF).
In this paper, a general characterization of the laser amplifier system is given in detail. In Section II, an overview of the laser system is presented. In Section III, a theoretical description of the laser is explained and the resultant equation for the steady-state and dynamic behavior is derived. In Section IV, the theory and the experimental data are compared. Summary of the results is presented in the concluding section.
II. LASER SCHEME
The laser performance and characteristics are dictated by the basic parameters required by CTF3 as is seen from Table I . The 1.5-GHz micropulse structure specifies the choice of the mode-locked oscillator, the required electron bunch charge of 2.33 nC, and the quantum efficiency (QE) of 3% expected from Cs 2 Te photocathode for a run of about 1 week, and fixes the UV micropulse energy (E U V ) and the wavelength to be, respectively, ∼370 nJ and 262 nm. In order to satisfy such parameters, a continuous train of 8-ps micropulses arriving from the Nd:YLF oscillator and preamplifier (PA) (from High Q Laser Gmbh) at the fundamental 1047 nm wavelength is amplified by two powerful Nd:YLF multipass amplifiers, converted to the fourth harmonic at 262 nm, and delivered to the cathode. The intensity fluctuations must be below 0.1% rms, but a factor of 10 more (<1% rms) is acceptable for the initial feasibility tests. This stringent demand for the stability requires the laser to be run in a particular "steadystate" mode [11] , [12] , which will be referred to as SSS. The steady-state mode permits implementing a time window with a high degree of intensity stability during which a ∼1.3 − μs long pulse may be selected. Hereinafter we will refer to this pulse with a substructure at 1.5 GHz as a "macropulse." The term "saturated" means that the mean input intensity is greater than the saturation intensity of the Nd:YLF, which reduces the response time needed for the amplifier to reach the stationary condition. The tight requirements to the intensity stability make pump diodes preferable to flash lamps. Moreover, implementation of a stabilizing feedback has been foreseen [15] .
The overall fourth-harmonic conversion efficiency of ∼15%, additional transport losses, and safety margin to allow for the drop of the photocathode QE give a final conservative value of ∼10 μJ for the infrared micropulse energy. To fulfill the CTF3 requirement to the PHIN photoinjector, a ∼1.3 − μs long macropulse is selected in the saturated part of the final amplification window and is passed to the frequencyconversion crystals. Only the first Pockels cell shown in Fig. 1 , with rise and fall time of ∼5 ns, is used for this purpose. For the CALIFES photoinjector, a combination of two Pockels cells is used to select just one single micropulse (gating width of ∼1 ns) up to 150 ns window.
In this paper, we will focus our attention on the characteristics of two amplifiers and will omit details of the commercial master oscillator (MO) and PA produced by the company High Q Laser Production GmbH. A beam with a RR of 1.5 GHz and average output power of 10 W from the PA is transmitted through the first and the second Nd:YLF diode-pumped powerful amplifiers. The main parameters of the amplifier chain are listed in Table II . Both the amplifiers have a side-pumped rod configuration [16] . In order to increase the pump coupling efficiency, cylindrical lenses are placed in front of five diode stacks to focus the pumping beams into the rod [11] , [12] , [14] - [17] in the first amplifier (AMP1) and are removed from the second amplifier (AMP2) to pump the rod more homogeneously. AMP1 rod has a length of 80 mm, 70 mm of which is pumped, and a diameter of 7 mm pumped by 15 kW power for τ 1 = 400 μs. AMP2 rod has a length of 120 mm (110 mm pumped) and a diameter of 10 mm pumped by 17.8 kW over τ 2 = 250 μs. In order to reach high gain, a continuous pulse train from the PA is passed through AMP1 three times in a non-collinear configuration with a total propagation length of ∼5 m, by which the un-amplified beam size at 4σ , changes from 3 to 4 mm. The amplified beam from AMP1 is then rotated to compensate for thermal lensing and an isolation system is installed to avoid feedback to the high-gain AMP1. AMP2 was originally designed to run in three passes, but steady-state is reached after two passes and a collinear double geometry provides the most efficient power extraction. A soft-aperture beam-shaping system was also proposed [8] (see Fig. 2 ). It is possible to produce a transverse (radial) beam profile proportional to cos 2 (π/2(r /R) 2 ) (where R = 4.9 mm has been chosen to match the diameter of AMP2 rod). Unfortunately, the system itself introduces high losses of ∼80% and cannot be used because AMP2 output power strongly depends on the input power. Consequently, the beam expander (BE) and the soft-edge polarization diaphragm (SD) depicted in Fig. 2 were replaced by a three-lens system. In this configuration, a Faraday rotator (FR) provides collinear geometry. The Nd:YLF crystal is cut in π-orientation in which only one polarization is amplified, supporting the 1047-nm line. Therefore, a λ/2 plate is used for convenience of alignment of the input polarization with the orientation of the YLF optical axis previously aligned vertically. By using the three-lens telescope mentioned above, we explored different beam sizes and divergences in order to optimize the output power. Therefore, for utilizing as much stored energy as possible, the whole cross section of the rod must be exploited. The laser beam characteristics along the laser chain are shown schematically in Fig. 1 and a summary is given in Table II , where E p is micropulse energy (also shown in Fig. 1 ), W p is micropulse fluence, P m is the mean macropulse power, I m is mean macropulse intensity, W s = 1.1 J/cm 2 is Nd:YLF saturation fluence, τ r = 480 μs is Nd:YLF radiative decay time, I s = W s /τ r = 2.3 kW/cm 2 is Nd:YLF saturation intensity [19] , and G is the gain in the amplifiers (one pass gain is shown in brackets). It is worth nothing that parameters W p /W s and I m /I s are sensitive to beam shape, and the project parameters are estimated for a flat-top transverse beam distribution in two amplifiers: the selected diameter is 4 mm for AMP1 and 9 mm for AMP2. The estimated average thermal power at 5-Hz operation is 6 W for the AMP1 and 7.8 W for the second. Thermal load per 1 cm rod length is close to 1 W/cm for both amplifiers, which is much less than the thermal fracture limit for an YLF crystal (15-17 W/cm) [19] , [20] . As shown in [11] , for our amplifiers which are under 15 W thermal load, the thermal lensing can be easily compensated by transport lenses, by rotating the beam between the two amplifiers, one can eliminate the astigmatism. But the thermal effects (fracture and lensing) will become the major concern in the future when this system will be upgraded to satisfy the upcoming CLIC parameters with a much higher average power at 50-Hz RR. This will be the issue of future studies and developments. Table II what assumptions should be made in the analytical study, amplification of each individual micropulse occurs in a small-signal gain (SSG) mode, where each individual pulse passes through the active medium as a very weak signal (W p /W s << 1) and only slightly modifies the level of population inversion. This condition is valid even in the case of full-power operation. However, for macropulse amplification (a long train of micropulses) the amplification mode is strongly saturated (I m /I s > 1). This and the fact that the interval between the micropulses T = 667 ps (corresponding to the RR of 1.5 GHz) is much shorter than τ r mean that the amplification in the steady-state can be considered to be the same as continuous wave (CW) amplification in the saturated mode. We will demonstrate how an expression for the behavior of this type of laser can be derived from the well-known Franz-Nodvik equations [19] , [21] , [22] for the amplification of micropulses and show the correlation between the formulated equation and the experimental data.
III. BASIC EQUATIONS AND OPERATING MODES It is clear from the basic parameters listed in
The amplification of one micropulse can be described by the Franz-Nodvik equations
where
, and v is the velocity of light in the medium. In our case, it can be assumed that the pump power that is applied to the amplifier has a constant value over the pumping window. Therefore, the term "Pump" in (1b) may be written as
is the theoretical single-pass SSG of the amplifier when the amplified spontaneous emission (ASE) contribution is neglected and K 0 indirectly describes the pump power delivered to the laser transition; saturation of the pump transition has been ignored. The pump saturation effect (depletion of ground state in a four-level system) in the case of SSG mode with a large value of G may be neglected. The neodymium concentration for 1% doping level is estimated to be N Nd = 1.4 × 10 20 cm −3 , the concentration of excited Nd atoms N * = (lnG)/(σ L), where σ = 1.8 ×10 −19 cm 2 is the lasing cross section and L = 10 cm is the rod length. Calculations for G = 1000, which is of the order of magnitude of the measured G 0 (see Section IV-B), yield N * = 3.8 × 10 18 cm −3 . Therefore, the ratio N * /N Nd = 0.027 is much less than unity, which supports the validity of the assumption. For convenience, the following expression has been chosen for the relaxation term:
where A(K ) is the ASE contribution, which is zero in the simplest case. For description of the pump effect on the rod when no input signal is present and the ASE contribution is neglected, (1) can be simplified as follows:
with the solution
where K (t = 0, z) = 0. From this, K 0 (and the related parameter G 0 = e K 0 L ) can be defined as the gain coefficient achieved by the medium over infinite time (t >> τ r ) neglecting ASE.
Inserting (3)- (5) 
The micropulse duration of 8 ps and the period between micropulses T = 667 ps are very short compared to the fluorescence lifetime τ r = 480 μs. Therefore, the gain K (t, z) at each point of the rod will have a smooth time-dependent behavior under pump and relaxation processes and will slightly change when the micropulse passes through a certain point. The smooth behavior of K (t, z) is obtained by averaging (5) over the period T .
Let
dt be the smooth gain we are interested in, and let W p (t, z) = t +T t I (t, z)dt be fluence. Hereafter, we will omit A(K ) for simplicity and will take ASE into consideration in the final expression. Then, the system of coupled equations (5), after some mathematical manipulations and integration over the length of the medium, takes on the form
dz is the single-pass gain. By substituting the integral from the first equation into the second and using the fact that W p (t, L) = G(t) W p (t, 0), we obtain the following equation:
For the mean intensity, defined as I m = W p /T , and saturation intensity I s = W s /τ r , (7) can be rewritten in the form
In the case of the one-pass scheme, this equation can be considered as an intensity balance law. In fact, with allowance for the spontaneous emission intensity losses I L = W st /τ r , the pump intensity I p = I s ln G 0 and the extracted intensity
which shows time variation of the storage fluence. In the case of N passes with total gain G = G N 1 (G 1 is one-pass gain), the intensity balance law will be the same but the definition of stored energy has to be changed to E = W s ln G 1 = W s ln G/N. Therefore, in the case of the N-pass scheme where G is the total gain for N passes, (8) takes on the form
This simple modification is possible when, as in our case, the overlapping of two micropulses is small enough (1.6 mm for an 8-ps pulse) compared to the rod length L and its effect on the amplifier gain can be neglected.
In order to include ASE, we modify this equation as is done in [15] 
where B(G) is the integrated A(K ) ASE contribution, including coupling between the passes [19] . The stationary solution of this equation is the well-known steady-state mode
m is input intensity. In the steady-state operation, one micropulse passes through the rod and acquires a small portion of the energy stored in the medium, another small portion of this energy is taken by the relaxation process, and up to the next pulse the pump refills this decrease of energy up to the value of the initial state. The balance of these three processes is described by (11) .
In the case of N-pass scheme, if we neglect feedback between the passes, B depends only on the one-pass gain
G, and B = B(G 1 ). Otherwise, if there is feedback from one pass to another, the coupling parameter has to be determined. In Section IV-B, we will discuss this issue by fitting the measured values with power law.
Following [15] , by differentiating (11) with I out = G I in it is possible to estimate relative sensitivity of the system
where we assume I in = 1.8 kW, I out = 8.3 kW, and G 0 = 863, which gives G = 4.6. Thus, the stability of the system in the SSS mode is inversely proportional to the total gain [15] . Therefore, in this case a chain of high-gain amplifiers provides a good shot-to-shot stability of the system in combination with the intrinsic stability of pumping diode and input seed. The SSS condition ensures good stability along the selected macropulse. Stability of the IR and UV shot-to-shot intensity has been measured, respectively, by placing a Gentec joule meter just after the Pockels cell and after the fourth-harmonicgeneration crystal. The macropulse length required by PHIN has been selected for measurements. A rms of ∼0.4% for IR and of ∼1.3% for UV has been measured over a 500-shot statistics. A shot-to-shot measurement of the electron beam current produced by the generated ∼1.3-μs electron macropulse [10] showed a rms value in agreement with the one measured directly on the UV laser beam. The electron beam current measurement has been performed during the PHIN runs using a standard device called "beam position monitor" for particle beam diagnostics described in [23] . 
IV. AMPLIFIERS CHARACTERIZATION A. AMP1
SSG measurements were performed to characterize the AMP1. Toward this end, the pumping time was reduced down to τ 1 = 100 μs and the input power to 200 mW. The relaxation behavior was observed for 400 μs after switching off the pump. As the 4σ beam diameter was ∼3 mm, the intensity was still small enough compared to the Nd:YLF saturation intensity (2.3 kW/cm 2 ) to ensure the SSG regime. A G 1 value close to 8 has been measured (output power 1.6 W). In this mode, we obtained good correlation between the measurements reported in Fig. 3(a) and the simulations, in which the first term in (1b) with respect to the pump was neglected and also the third term was omitted because the pumping time was set to be τ 1 < τ r = 480 μs.
In this way, equations of the system (1) become uncoupled and we can integrate the simplified version of the second equation. During the pumping time, it has the form
In Fig. 3(b) , (12) is represented by the solid curve, and the measured data by the dots, the slope of the curve gives the value for fitting parameter G 0 = 11 000. The SSG mode is corroborated by the agreement between the measured data in Fig. 3(c) [sloping-down part of the curve in Fig. 3(a) ] and the simulation for the relaxation time. From (1b) by setting G 0 = 1 and neglecting ASE and the first term (at least for the beginning of the decay), we obtain
Good agreement between (13) with τ r = 480 μs (solid line) and the measured data (dots) plotted in Fig. 3(c) corroborates the assumptions made.
B. AMP2: SG and ASE
To perform the SSG measurements, the diode pump duration was increased up to 1400 μs (instead of 250 μs in normal operating conditions). The key point was to create a situation when the SSG acquires a steady-state (t > τ r ). This steadystate gain must not be confused with the SSS which is established during normal operation when t < τ r and I m /I s > 1, although they have the same origin, the balance between all the processes.
The steady-state here is the result of the balance between the absorbed pump power and the losses due to spontaneous emission and ASE only, as the extraction is negligible. Equation (7) was modified to
Thereafter, by considering that G(t) does not depend on transverse coordinates, the initial condition is G(t = 0) = 1, and neglecting the ASE (B = 0), the solution of (14) is found to be ln
where behavior of the curve depends only on one fitting parameter G 0 . Note that G(t) tends to the constant G 0 when t >> τ r .
Comparison of the experiment and the simulation curves is shown in Fig. 4 , where one can see that, by neglecting the ASE (dashed curve) from the simulation, a good agreement in the time interval 0 < t < 500 μs (corresponding to the gain interval 1 < G < 100) is found, the fitted value from this part of the curve for G 0 is 863. This G 0 value leads to the maximum intensity that one can extract from the rod in a 10-mm flat-top beam (the maximum parameters of the setup), I lim = I s lnG 0 = 15.5 kW/cm 2 and P lim = I lim S = 12.2 kW. This power can be extracted only in the case of a very strong input signal, i.e., when the required gain is small. Compare the value of P lim with the estimated power absorbed from the pumping diodes. The power emitted from one diode bar driven by 90-A current is 81 W (from DiLas calibration diode curve), the AMP2 consists of 5 × 44 bars, so the total emitted pumping power of AMP2 is 17.8 kW. The maximum pump-tooptical efficiency in AMP2 is therefore 12.2 kW/17.8 kW = 0.68.
It is clear from Fig. 4 that the experimentally achieved gain (grey curve) is much less than that without taking ASE into consideration (dashed curve). From this we can conclude that the ASE contribution becomes important when the gain is over 100. We tried different ASE models available in the literature [11] , [15] , [24] , these models include the dependence on the geometry (diameter to length ratio), but they do not fit our case.
In order to get a phenomenological expression, which in our case can take into account the ASE contribution, we tried polynomials of different orders. We found the best fit by using a simple power law depending on two parameters a and b The best fit was obtained with a = 2.7 × 10 −6 and b = 2 (see the solid curve in Fig. 4) . In this way, we have fully characterized the system, even though the physical meaning and the dependence on the rod geometry of parameters a and b is not clear. Formal description of these parameters may be the issue of further studies. But even now we can use this particular ASE model for this particular amplifier to improve its performance in different modes.
C. AMP2: Full-Power Steady-State Operation
Summarizing the results of the previous section, we can say that for 250 μs pump duration and single pass gain not higher than 4, the ASE contribution can be neglected, i.e., B = 0. This has also been verified by measurements of the two-pass gain, which agrees with G 2 1 , as is to be expected neglecting ASE, and the one-pass gain is G 1 . It is therefore possible to rewrite (10) in the form
Using I out = G I in and I lim = I s ln G 0 we can plot the output intensity I out versus the input intensity I in in AMP2 for G 0 = 863 obtained in the SSG measurements and beam diameter 10 mm (flat-top beam fully filling the rod, the maximum parameters of the setup). The curves of the output versus input power are plotted in Fig. 5 for one-, two-, and three-pass systems in the steady-state mode. Using a threepass system instead of a two-pass system will not give a significant gain in output power, but will complicate the setup. Fig. 5 also shows that in the two-pass scheme in the ideal case of a flat-top beam with a diameter of 10 mm, the output power cannot exceed 13.5 kW for a 3-kW seed (AMP1 output currently available) and 12 kW for a 1.7-kW seed (that is the AMP2 input because of the losses along the beam transport line between AMP2 and AMP1). In Fig. 5 , the black curves show the output versus input power for a flat-top beam 7.7 mm in diameter, and in this case P lim = 7.2 kW. This diameter was chosen to match the experimental data (diamonds). As suggested also by Fig. 5 , there are two ways to increase the output power. The first one is to decrease losses on the beam transport line between the two amplifiers, thus increasing the output power from 8.3 to 9.5 kW. The second possibility is to increase the interaction volume of the propagating beam within the AMP2 rod (increasing the fill factor). With this strategy, the output power can be increased from 8.3 up to 12 kW, and, if the losses along the beam line between the amplifiers are reduced, the highest achievable output power can reach the value of 13.5 kW. The necessity to increase the beam diameter and to fill the rod better is also apparent from Fig. 6 , where the beam cross section of the image plane corresponding to the end of the first passage along the rod of AMP2 is shown for three different situations: (a) non-amplified beam (AMP1 off) with fill factor 0.17; (b) amplified by AMP1 at full power (AMP2 off) with fill factor 0.28; and (c) amplified by AMP1 and AMP2 at full power with fill factor 0.38. The transverse beam profile has to be increased to fill up all the volume of the rod whose edges are clearly visible and can be used as a reference for the dimension of the beam. From Fig. 6 , it is also clear that the beam profile should be improved to reduce its ellipticity and clipping. The beam profile improvement will be the objective of future work.
The case of a single passage through the AMP2 during normal operation has also been plotted in Fig. 5 for completeness (triangles). Since the saturation is not reached in a single passage, it is natural that the experimental results do not agree with the theoretical curve following from (17) .
D. AMP2: Full Power Dynamics
Measurements of the AMP2 characteristics in one-pass and two-pass schemes were carried out under normal operating conditions, i.e., the pump duration of AMP1 and AMP2 was set to be 400 μnd 250 μs, respectively. Numerical simulation was compared with results of experiment, see Fig. 7(a) and (b) . During normal operation I m /I s > 1, therefore, the amplifiers are saturated, which means that there is a strong depletion of the stored energy in the rod and the steady-state is reached in time t < τ r . It should be emphasized that the really important parameter that must be considered is the intensity, which depends on the beam transverse distribution (flat-top, Gaussian, etc.). However, it is not straightforward to make simulations allowing for the real transverse beam profile propagating through the rod, as it is modified by the amplification process and by the thermal properties of the rod. Therefore, a different simpler approach with a 7.7-mm flat-top beam corresponding to the experimental data (see Section IV-C) was used.
For a nonideal beam with nonuniform transverse distribution, a steady-state is reached first for the highest intensity (central area of the beam) and then for the wings of the beam. Due to the experimental transverse distribution, the total power of the beam behaves differently with respect to a flat-top beam. This discrepancy is readily seen in Fig. 7(b) , the flat-top beam attains the steady-state faster than the experimental beam with nonuniform transverse intensity distribution. In Fig. 7(a) and (b), even though the transverse beam distribution has not been taken into account along its propagation through AMP2, it is possible to see a satisfactory agreement between the simulation and the experiments in the case of one and two passages, respectively. It should be pointed out that the experimental data have been acquired using a photodiode with an active area larger than the beam diameter. Consequently, the whole beam has been detected. The output signal from the photodiode is therefore an integrated result over the beam profile and gives an average value of the temporal behavior for different parts of the beam. Equation (9) for the dynamic behavior of the laser was derived from the Franz-Nodvik equations. Besides, a step-bystep code based on (1) was written in MATLAB. Simulation of the code (not shown here) also corroborated the validity of (9).
V. CONCLUSION
In this paper, we have characterized the behavior of the CTF3 photoinjector laser system, showing that the amplification dynamics can be found from the Frantz-Nodvik equation for the micropulse amplification mode. We have shown that each single micropulse weakly affects amplifier gain by carrying a fluence well below the saturation fluence of the active material, even for the nominal value of the amplified micropulse. We have demonstrated satisfactory agreement between the experimental data and results of the simulation.
We have shown that the amplifiers behave like CW amplifiers. Due to the high input intensity, the time necessary to reach steady-state decreases compared to the situation when the input intensity is lower than the saturation intensity. We have shown that the laser has a good intrinsic intensity stability of ∼0.4% rms in the infrared and ∼1.3% rms in the UV region.
The laser in its present configuration is used daily to drive successfully the two CTF3 photoinjector lines. Improvements of the laser system are under way, aiming at reaching all the project requirements.
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